To evaluate the long-term security of water resources in Guizhou, this paper presents an evaluation index that incorporates the driving force-pressure-state-impact-response-management (DPSIRM) framework, the gray correlation method, and matter-element analysis. For the period of 2005-2012, our results show that water resources were within the "generally safe" limits for all years except 2006 and 2011, which were characterized by drought conditions. In karst regions, drought has a relatively large impact on water security and is compounded in Guizhou by rapid economic development, nonpoint-source agricultural pollution, and inadequate sewage treatment. Nonetheless, recent efforts to return farmland to forest and grassland and to control desertification have led to increased forest cover and higher levels of soil and water conservation, while systems have been implemented to foster the effective management of water resources in karst areas. In this study, we used both gray matter-element analysis and a DPSIRM framework to assess the state of water resources in Guizhou, the results of which were compared and verified by the gray set pair method, and to provide a reference for evaluating other karst areas.
Introduction
Societies require water for drinking, irrigation, and industry [1, 2] . Yet, in many parts of the world, demand has surpassed supply, and the availability and quality of freshwater has become severely restricted [3] . This has resulted in conflict as a growing number of users compete for limited resources [4, 5] . A logical approach to tackling the global water crisis is the improved management of available resources [6, 7] , specifically, the quantitative assessment of regional water security and a better understanding of the factors influencing the water supply.
China ranked 121st in a 2011 study of water use per capita [8] and is in the top 13 countries with insufficient water availability. Consequently, water resource security has become a principal factor limiting economic and social development in China. To date, water security evaluations have focused on regions traditionally associated with water scarcity [9] , such as the populous areas of Central and Eastern China [10, 11] , the arid northwest, and the Yellow River Basin [12] . In contrast, little attention has been paid to water availability in the country's humid, economically deprived southwestern areas, which includes China's famous karst region. Despite abundant rainfall in these areas because Sustainability 2018, 10, x FOR PEER REVIEW 3 of 16 Figure 1 . Location of the Guizhou study area.
Data Source
Input data for the period of 2005-2012 were sourced primarily from the "Water Resources Bulletin of Guizhou Province" and the "Environmental Protection Bulletin of Guizhou Province," which are published on the websites of the Guizhou Provincial Water Resources Department and the Environmental Protection Bureau of Guizhou province, respectively, and from the "Statistical Yearbook of Guizhou Province." Additional data were acquired via expert scoring and trend forecasting.
DPSIRM Framework for Water Security
The PSR framework, conceived in the 1970s by Statistics Canada, was an early causal model for making one-to-one linkages among various stresses, environmental changes, and societal responses [14, 15] . The PSR framework is still widely used and continues to evolve. For instance, the DPSIR model [16] was established by the Organization of Economic Cooperation and Development [7, 13] as a PSR extension designed to capture "cause-effect" relationships among the various sectors of social, economic, and environmental systems. The model describes a general chain that triggers environmental issues between the origin and the outcome, and although it does not account for management, the model has been used widely in the analysis of human-environment interactions.
Because water is a finite resource and subject to the effects of pollution and climate, the effective management of water resources is crucial to improving regional water security and thus must be included in security evaluations. At present, the DPSIRM model is rare in water resource security evaluations. The karst area is rich in precipitation resources but, due to special geological conditions, the groundwater resources are rich, and the surface water resources are limited as they 
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DPSIRM Framework for Water Security
Because water is a finite resource and subject to the effects of pollution and climate, the effective management of water resources is crucial to improving regional water security and thus must be included in security evaluations. At present, the DPSIRM model is rare in water resource security evaluations. The karst area is rich in precipitation resources but, due to special geological conditions, the groundwater resources are rich, and the surface water resources are limited as they belong to the engineering water shortage area. Therefore, water resource management in karst areas is particularly important. Accordingly, we incorporated water resource management into the DPSIR framework to produce the DPSIRM evaluation index, a complex causal framework designed to represent regional water security more accurately.
The DPSIRM framework consists of six parts, or submodels: the driver, pressure, state, impact, response, and management submodels. As shown in Figure 2 , driving factors (D) include regional population and economic and social development, all of which present real challenges for managing water resources in karst regions. The pressure (P) mainly includes the actual water intensity of overall economic, industrial, and agricultural development, as well as the pressure on water resources caused by pollutant emissions from industrial and agricultural development. The states (S) mainly include the current water resource supply per capita and per unit area and the environmental status indicators that indirectly reflect water resource distribution characteristics in karst areas, such as "the rate of rocky desertification". The impact (I) mainly includes the changes in water quality and the quantity impact on the environment and the economy of karst areas, such as "river index rate", "drought and drought damage as a share of GDP", and "modulus of sediment yield". The responses (R) mainly include reflection and technological progress in response to changes in the quality and quantity of water resources, such as "sewage treatment rate" and "water resource development rate". Management (M) mainly includes policies and measures adopted in response to drive, pressure, state, impact, and response. In the current situation of limited water resources in karst areas, water resource management is the key to solve the problem of water resource security. The changes in water quality and quantity, the tension between supply and demand of water resources, and fears over water resource security are all factors that highlight the need to strengthen global and regional water resource management. The specific indicators are shown in Table 1 . belong to the engineering water shortage area. Therefore, water resource management in karst areas is particularly important. Accordingly, we incorporated water resource management into the DPSIR framework to produce the DPSIRM evaluation index, a complex causal framework designed to represent regional water security more accurately. The DPSIRM framework consists of six parts, or submodels: the driver, pressure, state, impact, response, and management submodels. As shown in Figure 2 , driving factors (D) include regional population and economic and social development, all of which present real challenges for managing water resources in karst regions. The pressure (P) mainly includes the actual water intensity of overall economic, industrial, and agricultural development, as well as the pressure on water resources caused by pollutant emissions from industrial and agricultural development. The states (S) mainly include the current water resource supply per capita and per unit area and the environmental status indicators that indirectly reflect water resource distribution characteristics in karst areas, such as "the rate of rocky desertification." The impact (I) mainly includes the changes in water quality and the quantity impact on the environment and the economy of karst areas, such as "river index rate," "drought and drought damage as a share of GDP," and "modulus of sediment yield." The responses (R) mainly include reflection and technological progress in response to changes in the quality and quantity of water resources, such as "sewage treatment rate" and "water resource development rate." Management (M) mainly includes policies and measures adopted in response to drive, pressure, state, impact, and response. In the current situation of limited water resources in karst areas, water resource management is the key to solve the problem of water resource security. The changes in water quality and quantity, the tension between supply and demand of water resources, and fears over water resource security are all factors that highlight the need to strengthen global and regional water resource management. The specific indicators are shown in Table 1 . 
The Gray Correlation Method
As a new component of gray system theory, which is based on the degree of similarity or dissimilarity between factors, the gray correlation method is used to measure the correlation between factors [24, 26, 27] . It overcomes the subjective arbitrariness of traditionally subjective values (e.g., AHP) and can objectively assign weights when the index weight difference is too large [28, 29] . The gray correlation method incorporates the objectivity of a mathematical model, although the coefficient reflects a certain degree of subjectivity, and it is thought to provide a closer determination of weight, making it suitable for enhancing water resource security indicators.
Data Standardization
To eliminate the physical dimension of each index's impact, we quantified the various indexes in the sample matrix prior to evaluation, using linear interpolation for the nondimensional processing of raw data. Then, to evaluate the water security of n years in each area, we followed the original index data matrix approach of [26] and Xia et al. (2016) [24] .
stands for the original index.
In general, each indicator of water resource security can be divided into negative and positive indicators. For positive indicators, the bigger the value, the better. Their standardized calculation is
For negative indicators (cost indicators), the smaller the value, the better. Their standardized calculation is
where y stands for the normalized index, and X max and X min represent maximum and minimum index values, respectively.
Determining the Optimal Vector of the Sequence
Due to the standardization of raw data, the optimal vector is as follows :
where v is the maximum operator, and G is the optimal vector.
Calculating the Weight
We used the gray correlation method to calculate both the connection number and the weight according to that number. The gray correlation coefficient δ i = (y i , G) is calculated as
where δ stands for the gray correlation coefficient, min i min j y ij − g i represents two levels of minor difference, max i max j y ij − g i denotes two levels of great difference, and ρ is the distinguishing coefficient 0 < ρ < 1, ρ = 0.5. The weight formula (W i ) is calculated by the equation
where W represents the weights of each indicator.
Matter-Element Analysis of Water Resource Security
Developed by Chinese scholar Cai Wen in the 1980s, the matter-element analysis method can obtain the comprehensive evaluation result by calculating the correlation coefficient between a single index and each standard grade. This can effectively identify the degree of membership between the index and the evaluation grade, as well as avoid omitting some evaluation information within a single index. The main advantages of this method include its use of comprehensive factors without the loss of information and its quantitative, objective expression of results [25, 27] .
Matter-Element of Water Resource Security
In our evaluation of water security for the area (or time) N, the one-dimensional matter-element matrix R = (N,c,x) incorporates the feature vector c and value feature vector x. If N has n feature vectors with corresponding values X 1 , X 2 , . . . , X n , this is termed the n-dimensional element of the water security evaluation, and R is the n-dimensional model of that evaluation. This relationship is shown by the following equation [25, 27] :
Determining the Classical and Joint Domains of the Matter-Element Matrix
In evaluations of water resource security, the classical domain element matrix can be expressed as
where N oj is the jth rating (j = 1, 2, . . . , n) and C i represents the ith index. Therefore, in our evaluation, the matter-element matrix of the classical domain can be expressed as [25, 27] 
where (a oji , b oji ) denotes the range of values at level j. Similarly, the matter-element matrix of the joint domain is expressed as R p = (N p ,C n ,v n ), where R p is the joint domain element and p is the overall rating. Therefore, in our evaluation of water resource security, the formula for the domain element matrix is [25, 27] 
where (a pn , b pn ) represents the range of the value of the joint domain element.
Determining the Evaluation Element
The matter-element of evaluation objects (R M ) is expressed as
Determining the Correlation Function and Degree of Correlation
where X o represents the classical domain of the matter-element matrix. The water safety evaluation index correlation function K(x) is calculated using the formulas
where (X, X o ) is the distance between X and the finite interval of the corresponding eigenvector
is the distance between X and the finite interval of the eigenvector segment of joint domain X p = [a p , b p ]; X, X 0 , and X p are the values of the water security evaluation, the range of the value range of the classical domain, and the range of the value of joint domain, respectively [25, 27] .
Comprehensive Correlation Degree and Rating
The synthetic correlation of level j for evaluation objects N M (M = 1, 2, 3, . . . , m) is expressed as
where W i is weight, K j (N m ) is the comprehensive correlation, and K j (X i ) is the degree of association of a single indicator. This treatment determines which class the object belongs to according to the principle of large numbers, such that K jm = max[K j (N m )]. When K < 1, the evaluation object fails to meet the rating requirement and cannot be converted into the rating scale. When −1 < K < 0, the object does not conform to the evaluation requirements, yet has conditions that can be transformed into an evaluation grade, with larger values yielding more straightforward conversions. When K > 0, the evaluation object conforms to the grade evaluation requirements, with higher values representing greater stability of the object at its corresponding level [25, 27] .
The Evaluation Index System
The evaluation index system is an area of great interest in the study of water resource security, and the water resource conditions in karst areas are complex [9, 30, 31] . Therefore, the establishment of a water resource security evaluation index system in karst areas is both compelling and challenging.
2.6.1. Evaluation Index System Based on DPSIR Modeling of Karst Area Water Security DPSIRM provides an indicator framework for the quantitative assessment of water resource security in karst areas, as well as a new research perspective. As the distribution of water resources is regionally variable, evaluation index systems need to accommodate those differences. Accordingly, in our assessment of the Guizhou karst region based on the DPSIRM framework and existing studies, an evaluation index system for water resource security in karst areas was established according to the principles of representativeness, independence, index quantification, and systematisms (Table 1 ). In addition, subjective indicators, such as the integrity and implementation of water resource protection and management systems and the availability of data on flood control and drought, were scored on a 10-point scale.
Classical and Joint Domains of Water Security Evaluation
According to the principle of extensibility, the state of water resource security can be divided into five levels, N o1 -N o2 , corresponding to the classifications (1) "very safe", (2) "generally safe", (3) "barely safe", (4) "unsafe", and (5) "very unsafe", respectively. As an indicator of karst water security, this standard exhibits regional differences due to variations in ecological and environmental vulnerability [25, 26] and water pollution, as well as safety indexes and standards issued by local governments and planning initiatives. Due to the fragile ecological environment and low environmental capacity in the karst area, the safety standard may be subject to further adjustment based on expert advice (e.g., partial values may be reduced by 5-50%) to determine each index range in the classical domain. Values for the classical domain matrix-R o1 , R o2 , R o3 , R o4 , and R o5 -and the joint domain matrix R P are given below.
Very 
Results and Discussion
According to the research methods in the second part of this paper, the following results and conclusions are drawn.
We used the gray correlation method to calculate the weight of each rating index listed in Table 1 . Using Equations (11) and (12), we then incorporated the matter-element R 2005 -R 2012 into the matter-element analysis model to evaluate index correlation degrees, factor layer correlation degrees, and comprehensive correlation degrees for the Guizhou region (Tables 2-4 ). For 2005, for example, the correlation degrees (k j (x 1 )) of the five corresponding grades are N o1 = −0.021, N o2 = 0.013, N o3 = 0.001, N o4 = 0.000, and N o5 = −0.014. We can conclude, therefore, that the natural growth rate of the population is N o2 , which is classed as "generally safe". Other indicators give similar results (Table 2 ). For instance, the correlation degrees (K j (N 2005 ) ) of the five corresponding grades are N o1 = −0.326, N o2 = 0.290, N o3 = −0.155, N o4 = −0.230, and N o5 = −0.359. Thus, according to the judging criteria, water resource security in Guizhou province for 2005 was Grade 2, or "generally safe". Evaluation factor levels and security levels for all years are given in Tables 3 and 4 , respectively. 
Results of Correlation Degree of Indexes and Factors Influencing
According to Equation (3), the matrix R values are as follows: (85) c19(82) c20(9.4) c21(1.4) c22(6.5) c23(7.5) c24(7.1) .
As can be seen from Table 1 (weight ≥ 0.042), the factors influencing water resource security are population density, urbanization rate, discharge of waste water per unit of industrial output, amount of fertilizer used per unit of cultivated area, water resources per unit area, rate of rocky desertification, forest coverage, river water quality index rate, drought and drought damage as a share of GDP, water resource development rate, and environmental protection investment as a percentage of GDP. The greater the absolute value of weight, the greater influence the factor has on water resource security in the karst area. Drought and drought damage as a share of GDP (0.059) reflects the impact of natural disasters. Forest coverage (0.046) and water resources per unit area (0.046) come from the ecological and environmental systems. Discharge of waste water per unit of industrial output (0.045) and rate of rocky desertification (0.045) reflect the disturbance of economic development and human activities. It is evident that the influence of the droughts caused by climate change is much greater than that of the ecological and environmental systems, while the disturbance of economic development and human activities is between the two.
Based on the data in Table 2 , the factors of the amount of fertilizer used per unit of cultivated area, river water quality index rate, sewage treatment rate, integrity of the water protection, and management system played a negative role in water security in karst areas. The amount of fertilizer used per unit of cultivated area reached 554.4 kg in 2012. The sewage treatment rate was only 66.8% in 2010 and increased to 85% in 2012. It is evident that rapid economic development, backward infrastructure, lack of management measures, and non-point agricultural pollution put great pressures on water resources security in karst areas.
Results of Water Resource Security Evaluation of DPSIRM Factor Layers
According to the factor (DPSIRM) differentiation information given in Table 3 The environmental degradation of karst region has a great impact on the water resource security states. In addition, in 2005, although the rate of rocky desertification was as high as 20.39%, the province's average annual rainfall was 1129.7 mm, increasing 9.0% from the previous year. K j (N 2005 , S) increased to be classified as "generally safe". It is evident that, in the current situation, the impact of climate change on water resource security is far greater than environmental degradation.
In 2005 and 2012, the per capita GDP in Guizhou was 5052 and 19,710 yuan/person, respectively, far lower than the national per capita GDP in 2012 (RMB 40,007 yuan/person). In 2005 and 2012, the urbanization rate was 26.87% and 36.4%, respectively, far lower than the national average of 52.57%. However, between 2015 and 2016, the GDP of Guizhou province increased by 10.5%, exceeding the national growth rate by 3.8%. Although Guizhou province is an economically backward region, its economy has been developing rapidly in recent years. Therefore, economic and social development has limited impacts on water security in the short term, but the pressure is increasing year by year. Both K j (N 2006 , M) and K j (N 2007 , M) belong to the "unsafe" classification, and values from K j (N 2008 , M) to K j (N 2012 , M) belong to "barely safe". Current water resource management in karst areas are constraints on water resource security, and there was a lack of management measures for water security in karst areas currently being met.
Results of Water Resource Security Comprehensive Evaluation in the Karst Area
Overall, the data presented in Table 4 showed that water security in Guizhou province was classed as "generally safe" in 2005, "barely safe" in 2006 and 2011 (when the region experienced drought), and "safe" during the remaining years evaluated. For the period of 2006-2012, the degrees of relevance to the security level were less than 0. For example, the 2006 correlation coefficients were as follows: 0 > K j (N 2006 , N o1 ) = −0.318 > K j (N 2006 , N o2 ) = −0.144 > K j (N 2006 , N o3 ) = −0.123 > K j (N 2006 , N o4 ) = −0.229 > K j (N 2006 , N o5 ) = −0.361. This finding showed that, although water resource security was relatively high between 2005 and 2012, it was also highly unstable. Individually, the years 2007, 2008, 2009, 2010 , and 2012 were graded as "generally safe". Nonetheless, their respective correlation values are small and <0, indicating that none are fully compliant with the N O2 standard. The state of water resource security in the karst area of Guizhou province was not uniformly positive. Going forward, it will be necessary to reduce nonpoint-source agricultural pollution, strengthen water resource management, control urbanization rationally, develop the requisite sewage treatment infrastructure, and increase water conservancy throughout the karst area. Natural disasters such as drought had a greater impact on water security in karst areas relative to non-karst areas [32] . K j (N 2006 ) and K j (N 2011 ) both belonged to the "barely safe" classification. It can be seen that extreme droughts caused by climate change played a decisive role in the overall water security in karst areas compared with economic, social, environmental, and resource management factors. Therefore, the next step is to strengthen the construction of water conservancy infrastructure in the karst region of Guizhou and increase the ability to resist drought and disaster in risk resistance. These are important and crucial measures to enhance water resource security in the karst region.
Discussion
(1) It has been found that water resource security in Guizhou was at a moderate warning level from 2005 to 2009 and a barely safe level from 2010 to 2014 (Liu et al., 2018) , shown in Table 5 . Results of this study showed that it was at "barely safe" in 2006 and 2011 and at "generally safe" in other years. The two results confirmed each other, which showed that the water resource security of Guizhou province was at the edge of critical security. Results of this study confirmed that the water resource security situation was serious. Liu et al. (2018) found that the influence of the water environment and economic subsystems was much greater than that of the ecological and human subsystems, while the social subsystem had a level of influence between the two [33] . Results of this study confirmed that the influence of the droughts caused by climate change was much greater than that of the ecological and environmental systems, while the disturbance of economic development and human activities had a level of influence between the two. The difference was that Liu et al. did not consider the impact of drought disasters on water security in karst areas. The probability of winter and spring drought in the southwest region (including Guizhou province) was very high, with an average of once every three years, and the severe region could last more than 150 days [33] . Drought disaster is an inevitable and important factor influencing future water resource security in karst areas in the future. In addition to the factors found above, this study also found that water resource management in karst areas was crucial to water resource security.
(2) The same data was processed according to the method outlined in [26] (gray set pair analysis; detailed calculation process is discussed therein), calculation results were shown in Tables 3 and 4 to compare with the research methods of this article. The results obtained by the two methods are slightly different. The reason for this was that the two methods differed in their principles for determining rank. The gray matter-element method adopted the principle of maximum membership, while gray set pair analysis adopted the principle that degree of connection accumulation was greater than 0.5 for the first time. The calculation results of the two methods were "generally safe" and "barely safe" classifications for 2005 and "barely safe" and "generally safe" classifications for 2011, respectively. However, these classifications belonged to adjacent grades. The same was true for other years. Thus, the gray matter-element method is appropriate for evaluating water resource safety. The gray matter-element method is proven to be suitable for evaluating water resource security.
Conclusions
(1) Using the DPSIR conceptual framework, we constructed a model for evaluating water resource security in karst areas, which we then applied to Guizhou province for the period of 2005-2012. The model incorporates the gray correlation method and matter-element analysis, along with regional data on existing water and land resources and ecosystem health, water resource characteristics in karstic landscapes, and contemporary data on urban construction standards in China relative to global standards. Our results show that Guizhou water resources corresponded to the "generally safe" grade in 2005, to the "barely safe" grade in 2006 and 2011, and again to the "generally safe" grade for the remaining years. The occurrence of drought in both 2006 and 2011 demonstrates that these events have a large impact on karst water resources. From 2005 to 2012, the security of water resources in the Guizhou karst was good yet unstable and, going forward, will continue to face considerable challenges, including drought, agricultural nonpoint-source pollution, rapid urbanization, and an insufficient sewage treatment infrastructure. (2) Empirical research on the security of karst water resources showed that the internal mechanism of the DPSIRM framework successfully accounts for interactions among various factors, such as climatic, environmental, social, and economic influences. Additionally, it found that water resource management in karst areas was crucial to water resource security. The DPSIRM model reflected the role of water resource management in resource evaluation. The DPSIRM framework highlights the core role of humans in the water resource security system, That is, people can realize the supervision and regulation of water resource security through management. However, the boundary and degree of its role are difficult to be accurately defined in the evaluation of water resource security, which requires further research and improvement. (3) Through comparison with gray set pair analysis, we showed that the two methods gave consistent results. Further, when compared with the traditional multi-index comprehensive evaluation, the matter-element analysis method not only revealed the differentiation rule between single factor indexes but also showed the relationship between the comprehensive safety level and the intermediate transformation process. The gray correlation method was based on objective and subjective corrections and was more reasonable. Therefore, the gray matter-element method is appropriate for evaluating water resource safety, which presents a novel approach for assessing the water resource security issues within (karst) land zones suffering from drought. (4) Water resources are the principal factor limiting economic and social growth and environmental viability in karst regions. Because the safety evaluation index system is diverse, there is no uniform standard and evaluation methods are numerous. Here, we have presented a DPSIRM-based method that employs the gray correlation method and matter-element analysis to evaluate the security of water resources in karst areas. Not only are our results in accord with the model situation, the method has certain feasibility. Moreover, in addition, the case selected in this study is a typical karst distribution area, which indicates that this research method has certain applicability in the karst area. Due to the limitations of the data time series obtained, our overarching objective was to explore and verify the quantitative evaluation index systems and suitable methods of water security in karst areas. Thus, prediction was not involved and needs to be explored in the future.
